Abstract. Reactions of (1) [Q] 2 [Fe 4 S 4 (SC(CH 3 ) 3 ) 4 ] and the fluorous thiols HS(CH 2 ) n R f8 (n = 2, 3; R f8 = (CF 2 ) 7 CF 3 )), or (2) 4 ], comprised of a fluorous dianion and in some cases fluorous cations, with (1) Q/n = Ph 4 P/2 (4, 67%), Ph 4 P/3 (5, 67%), Me 4 N/3 (69%), and Ph 3 P(CH 2 ) 2 R f6 /2 (73%) or (2) PhCH 2 P-((CH 2 ) 3 R f6 ) 3 /2 (14, 39%), PhCH 2 P((CH 2 ) 3 R f6 ) 3 /3 (15, 63%), and PPN/2 (36% 4 ] and HS(CH 2 ) n R f8 . The SCH 2 1 H and 13 C NMR signals of these paramagnetic salts appear 8.7-10.3 and 32.3-34.9 ppm downfield from those of the corresponding thiols, but the chemical shifts of other signals are nearly normal. The UV-visible spectra show bands similar to those of non-fluorous analogs (290-298 nm and 406-415 nm; ε = 25700 and 19200 M -1 cm -1 for 5). The singly fluorous salts are soluble in organic solvents of moderate polarity, but not in fluorous solvents. The doubly fluorous salts 14, 15 are soluble in all fluorous solvents assayed, with partition coefficients of >99.65:<0.35 (CF 3 C 6 F 11 /toluene) and 93.2-93.1:6.9-6.8 (FC-72/THF). Cyclic voltammograms carried out using a platinum working microelectrode show that 4 is 0.08 V thermodynamically easier to reduce than 5. † Electronic supplementary information (ESI) available: Representative NMR and UV-visible spectra. See
Introduction
Iron/sulfur clusters are pervasive throughout biology, 1 and approximately cubic Fe 4 S 4 systems featuring four iron bound thiolate ligands constitute one of the most prominent classes. 2 During the sixties and seventies, syntheses of model compounds of the formula nQ + [Fe 4 S 4 -(SR) 4 ] n-were developed, with Q + typically an alkali metal, ammonium, or phosphonium cation. 2a,3-5 Their "electron reservoir" properties were studied in detail; species could be generated in five redox states, with n = 0 (4Fe(III)), 1 (3Fe(III)/1Fe(II)), 2 (2Fe(III)/2Fe(II)), 3 (1Fe(III)/ 3Fe(II)), and 4 (4Fe(II)). 6 Spectroscopic features were carefully compared with those of related iron-sulfur proteins, 7 and a number of complexes were tested as components of functional models for various metalloenzymes. 8 More recently, analogs in which the thiolates have been replaced by cyanide or "modern" N-heterocyclic carbene ligands, nQ + [Fe 4 S 4 (CN) 4 ] n-or [Fe 4 S 4 (NHC) 4 ] n-, have been reported. 9, 10 Consistent with the markedly different electronic properties of these ligands, the redox potentials shift dramatically, allowing the first isolations of "all ferrous" (4Fe(II)) clusters. This proved of special interest in view of evidence supporting an all ferrous iron/sulfur assembly in one of the two nitrogenaese proteins from Azotobacter vinelandii. 11 Horváth, Rábai, our group, and many others have demonstrated that by introducing appropriate numbers of perfluoroalkyl groups ((CF 2 ) n-1 CF 3 = R fn ) of sufficient lengths, a variety of neutral molecules can be rendered soluble in nonpolar fluorous liquid phases, such as perfluorohexanes (FC-72). 12 We have also shown that many ionic compounds, 13 such as organic ammonium and phosphonium salts, as well as salts of inorganic polycations, 14 can similarly be rendered soluble in fluorous phases. 15, 16 As such, it was natural to speculate whether the right combination of fluorous thiolate substituents and fluorous cations might render salts of the type nQ + [Fe 4 S 4 (SR) 4 ] n-soluble in fluorous media. In addition to this "phase shift", the thiolate based R fn moieties should also shift redox potentials, rendering reductions to ferrous rich states thermodynamically more favorable.
This line of investigation could have practical aspects. Although "nothing sticks to Tef-lon", small nonpolar molecules retain appreciable solubilities in fluorous solvents. 15 Such fluids possess very low "cavitation energies", 17 creating space for small nonpolar guests but offering little in the way of enthalpically favorable interactions. For this reason, various perfluorinated media have been studied as oxygen carriers or blood substitutes, and even commercialized for this purpose. 18 In this context, the central role of iron/sulfur clusters in nitrogen fixation is well established. 19 The reactants nitrogen and hydrogen have, as with oxygen, appreciable solubilities in fluorous solvents, as tabulated below. 20, 21 Hence, this represents a tantalizing but to our knowledge overlooked environment for nitrogen fixation. Furthermore, since the reduction products hydrazine and ammonia are highly polar, they should have very low solubilities in fluorous solvents and readily phase separate.
Accordingly, in this paper we report convenient syntheses of the paramagnetic 2Fe(III)/ 2Fe(II) iron/sulfur cluster salts [Q] 2 [Fe 4 S 4 (S(CH 2 ) n R f8 ) 4 ], which feature a fluorous dianion and cations that exhibit a range of fluorophilicities: non-fluorous, "light fluorous", and "heavy fluorous". 22 Their spectroscopic and phase properties are investigated, and redox characteristics analyzed, thus providing a solid baseline for future applications of these unique complexes. 4, 5 Accordingly, the fluorous aliphatic thiols HS(CH 2 ) n R f8 (3a, n = 2; 3b, n = 3), which feature two and three "methylene spacer" segments, were synthesized as previously described. 23 As shown in Scheme 1, a CH 3 CN solution of the phosphonium salt 1 was treated with the "two spacer" thiol 3a (6.25 equiv Q/n = 4, Ph 4 P/2, 67% Q/n = 5, Ph 4 P/3, 67% Q/n = 6, Me 4 N/3, 69% Q/n = 9, Ph 3 P(CH 2 ) 2 R f6 /2, 73% Given the solubility data in Table 1 A final question concerns the degree to which the redox properties of these iron/sulfur clusters are influenced by the electron withdrawing R f8 groups. It has been established that ca.
Results

Syntheses of Fluorous
six methylene spacers are needed for "complete" insulation. 29 Thus, cyclic voltammograms were sought. However, when DMF and CH 3 CN solutions of 4-6 or 9 were treated with the supporting (1), which has an extensively studied electrochemistry. Thus, this behavior was tentatively attributed to an irreversible condensation to an insoluble bulk Fe x S y system. Such cluster aggregation processes have been documented previously. 30 A variety of other electrolytes were screened, including several with very poorly nucleophilic tetraarylborate anions (Ar = C 6 F 5 , 3,5-C 6 H 3 (CF 3 ) 2 ) but always with the same outcome.
However, when cyclic voltammograms are recorded using microelectrodes, electrolyte concentrations can be greatly reduced. 31 Thus, as depicted in Figure 1 One motivation for the present study has been the possibility of carrying out nitrogen fixation in a fluorous phase. Most nitrogenaeses are comprised of an iron protein containing Fe 4 S 4 clusters and an iron/molybdenum protein featuring a structurally more complex cluster. 1, 11 One attraction of fluorous phases is their high solubilities for the diatomic gases oxygen, nitrogen, and hydrogen, 20,21 the basis for which is noted above. There are several commonly employed measures of solubility, three of which are provided in Table 2 . The most important are the mol fraction of a gas in a saturated solution (the data compiled in most reference books), and the molarity (the important quantity for rate expressions). With respect to the latter, the solubility of hydrogen in fluorous solvents is approximately twice that in THF, and the solubility of nitrogen is approximately 2.5 times that in THF. The solubility increase with oxygen is intermediate.
When solubilities in mol fractions are compared, the differences are much greater, due (as worked through elsewhere) 15 to the higher molecular weights of fluorous solvents vs. THF.
(insert Table 2 here)
Of course, achieving abiological nitrogen fixation will require more than just iron/sulfur clusters, so much more fundamental work remains to be done. Nonetheless, the high polarity of the product ammonia should promote phase separation from the fluorous medium, facilitating catalyst separation and recovery. If the reaction pathways involve polar intermediates, such as hydrazine, these also may phase separate, leading to unconventional product distributions.
However, given the experimental difficulties with cyclic voltammograms noted above, the title claim of "redox shifted" iron/sulfur clusters remains only partially quantified. Regardless, this is a certainty from well established inductive effects. 29 Iron/sulfur clusters with fluorous thiolates will be electron deficient and therefore thermodynamically easier to reduce. This is reflected by less negative E 1/2 value of 4 (-2.32 V) versus 5 (-2.40 V), indicating a more facile reduction, consistent with the decreased methylene spacer length. 
Experimental Section
General. An analogous protocol with 14 gave a similar ratio (93.2:6.8).
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